1. Introduction
===============

In recent years, with the development of 3-dimensional (3D) printed technology, its application in medical field has become increasingly widespread, and its application value has been widely recognized especially in preoperative plan of arthroplasty.^\[[@R1]\]^ The study by Lantada and Morgado^\[[@R2]\]^ in 2012 showed that the medicine application occupy 15% share of a variety of 3D printing applications, and in medicine application, the radiographic imaging, orthopedic, and anatomy accounted for 43%. 3D printing technology can be divided into metallic materials printing and nonmetallic materials printing based on the materials used. Metallic materials printing includes selective laser melting (SLM), selective laser sintering (SLS), and electron beam melting (EBM); nonmetallic materials printing includes fused deposition modeling (FDM), stereolithography appearance (SLA), laminated object manufacturing (LOM), and so on.^\[[@R3]\]^ Preoperative plan, simulation operation, and template design can be carried out based on 3D printed models fabricated by SLA, FDM, SLM, and SLS technology, which were all belong to 3D printing technology.^\[[@R4]--[@R8]\]^

The application of 3D printing technology could benefit the diagnosis and treatment procedure of complex orthopedic disease in following ways; First, it could make the diagnosis more accurate; Second, it could help the surgeon do the preoperative design to reduce the duration of operation and amount of bleeding, and it made a positive role in the postoperative rehabilitation process; Lastly, 3D printed model could provide a barrier-free communication between the surgeon and patients due to its visual characteristic. Recently, because 3D printed model can help doctors observe the illness intuitively and communicate with patients easily, the application of 3D printed model was common in preoperative aided diagnosis and operation simulation of the orthopedic diseases, such as clavicle fractures, old pelvic injuries, finger reconstruction, acetabular fractures, complex acetabular defects, femur fractures.^\[[@R9]--[@R19]\]^ The most widely used technology was SLA, the principle was that using a particular wavelength and intensity of the laser focused to photosensitive material surface, made it solidification, and completed a level of drawing. Then, the platform was lifted a layer of height in the vertical direction, another level of material was solidificate again. A 3-dimensional entity was constituted by layer upon layer overlay.^\[[@R3]\]^

However, with the increase in orthopedic application of 3D printed model, there was no systemic study for confirming the precision of 3D printed bone and prosthesis model by SLA technology. And in the production process of SLA 3D printed model, there were some factors that would affected the precision of model such as artificial processing of the model, support structure, and thermal deformation of material. For the situation, some researchers, especially the senior clinical doctors, mistrusted its precision and tried to know the reliability in orthopedic application. For instance, the size precision of the prosthesis model was crucial for operation simulation; the discrepancy of marrow cavity between model and real bone was vital for the selection of prosthetic size; the distance error of some anatomic landmarks in irregular bone was important for accurate diagnosis of disease and preoperative plan. If the model error is beyond the acceptable range, it would make the surgical plan to be unreasonable, and the surgical duration, the risk of anesthesia, and the amount of bleeding would also increase. So, the research in precision of above content was imperative. Since 2013, there were 86 patients with the 3D printing aided diagnosis, preoperative plan, or operation simulation in Orthopedic 3D Printing Operation Design Center Affiliated to the Second Hospital of Jilin University.

In this study, the 61 unbroken 3D printed models of bones or prostheses of the patients were selected for verifying the precision so that the clinicians use the models safely. The models were divided into 3 groups, named long bone, irregular bone, and prosthesis, respectively. Some parameters of models were measured to analysis the precision of the SLA 3D printed model.

2. Materials and methods
========================

2.1. Ethical statement
----------------------

Before the study, the "informed consent" was obtained from all patients and the approval of Ethics committee of the Second Hospital of Jilin University was obtained, including any relevant details. All the study was performed in accordance with relevant guidelines and regulations.

2.2. The original data collection
---------------------------------

A total of 61 SLA-3D printed models of 39 patients (22 Female, 17 Male, age: 19--67) were involved in the study during June 2014 to June 2016. The computed tomography (CT) (Philips iCT 256 with X-ray tube current 232 mA and KVP 120 kV, the pixel size is 0.52 mm, slice thickness is 0.9 mm, and spacing between slices is 0.45 m, PHILIPS, Amsterdam, Netherlands) data of patients were collected. Then, the CT data were exported in the format of DICOM, and 3D reconstruction of images by software MIMICS 19.0 (Materialise interactive medical image control system; Materialise, Belgium) was performed. Finally, the data were exported in the format of STL.

2.3. 3D printed models and CT data collection of models
-------------------------------------------------------

After obtaining the STL file, we imported the file into MAGICS 18.0 (Materialise interactive medical image control system; Materialise, Belgium) to make the support structure, and then exported to 3D printing equipment (SLA-450; Shining, China) in format of magics to start printing. The model printing process is shown in Fig. [1](#F1){ref-type="fig"}. The models were photosensitive resin material. When the 61 unbroken 3D printed models were collected, the CT scan of models was performed by the above CT equipment.

![The printing process of model: First, the CT data of patient were collected, and then, the 3D reconstruction of data was performed; next, the support structure was added; finally, the SLA model was printed by SLA-450 printer.](medi-97-e9797-g001){#F1}

2.4. Comparison of models and bones
-----------------------------------

The 61 unbroken models were divided into 3 groups according to their characteristics, including 28 long bone models, 11 irregular bone models, and 22 prosthesis models. The original CT data and model CT data of above 61 pairs were 3D reconstructed by MIMICS 19.0 (Fig. [2](#F2){ref-type="fig"}). According to the clinical practical application, some anatomical and dimensional parameters were selected, and then, these parameters (Table [1](#T1){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}) of 3-dimensional data were measured by the measuring module of MIMICS 19.0. Next, the absolute error (mm) and relative error (%) of parameters were conducted by the following formulas:

![The comparison of bone and model: First, the CT data of SLA model were collected, and then, the 3D reconstruction of data was performed; finally, a comparison was made between the bone and model data.](medi-97-e9797-g002){#F2}

###### 

Anatomical landmarks and linear measures.

![](medi-97-e9797-g003)

![The selection of related parameters: The parameters were shown by red arrow and line, such as MW, MH, ML, LGC, WGC, DPI, DA, LT, WT, and DMC.](medi-97-e9797-g004){#F3}

Absolute difference(mm)=

model group value -- bone group value (Eq1.1)

Relative difference (%)=

100× (model group value-bone group value)÷bone group value (Eq1.2)

For prosthesis model, which inside was solid without the support structure, the 3-dimensional error was measured by Geomagic Studio 2012 (Geomagic, NC) (Table [2](#T2){ref-type="table"} and Fig. [4](#F4){ref-type="fig"}). The 3-dimensional error of other 2 groups was not measured due to the influence of support structure inside.

###### 

The 3D error (mm) analysis between the model and prosthesis.

![](medi-97-e9797-g005)

![The measure of 3-dimensional error: The 3-dimensional error was shown by the chromatostrip, and the obvious error appears on the edge. (A) shoulder prosthesis; (B and D) femur prosthesis; (C) elbow prosthesis.](medi-97-e9797-g006){#F4}

2.5. Statistical analysis
-------------------------

The above parameters of 3 groups were analyzed by the SPSS 10.0 (Statistical Product and Service Solutions; IBM, Chicago, Illinois, America), the paired *t* test was selected, with the level of significant set at *P* ≤ .05. The intraclass correlation coefficient (ICC) was used to evaluate the similarity between the model and real bone (Tables [1](#T1){ref-type="table"}--[4](#T4){ref-type="table"}).

###### 

Mean absolute (mm) and relative (%) differences for all model measurements in comparison with bones.

![](medi-97-e9797-g007)

###### 

The parameters and comparison of irregular bones and models, N = 11.

![](medi-97-e9797-g008)

All above studies were conducted during July 2016 to November 2016. After data collection, we did not had access to information that could identify individual participants.

3. Results
==========

The maximum absolute and relative difference were 0.45 mm and 1.10%; the total mean was 0.18 mm and 0.37% (Table [3](#T3){ref-type="table"}), respectively. The 3-dimensional error analysis showed that positive distance, minus distance, mean distance, and standard deviation were 0.237, 0.273, 0.154, and 0.276 mm, and the total mean were 0.139, 0.117, 0.112, and 0.154 mm (Table [2](#T2){ref-type="table"}), respectively.

The statistical analysis showed all the ICC of parameters were greater than 0.990; there was a significant difference in MH of long bone groups (*P* = .002) and other parameters did not show a significant difference between bones and models (Tables [4](#T4){ref-type="table"}--[6](#T6){ref-type="table"}).

###### 

The parameters and comparison of long bones and models, N = 28.

![](medi-97-e9797-g009)

###### 

The parameters and comparison of prostheses and models, N = 22.

![](medi-97-e9797-g010)

4. Discussion
=============

The diagnosis and treatment of complex orthopedic disease is a difficult problem for orthopedic surgeon. The application of 3D printing technology in medicine provides a new way to solve the problem. However, with the wide application of the 3D printed models,^\[[@R9],[@R11],[@R13]--[@R16],[@R18],[@R19]\]^ the precision and reliability of model have also been questioned. Previous studies have reported on CT image dimensional errors ranging from 0.9 to 2.16%^\[[@R12]\]^; when images are converted to STL format, the surface of the model is converted into a large number of refined triangles that can improve the quality of image and add precision to the image-reslicing algorithm.^\[[@R17]\]^ So, CT data were considered reliable, which were converted into STL format. In this study, the CT scan was chosen to make the reverse research on comparison of precision between the model and bone in STL format, and 61 models of bones or prostheses were provided. The precision and reliability of models were evaluated by the size precision, the absolute and relative difference of anatomic parameters between model and original data, as well as the 3-dimensional error of prosthesis.

The diameter of the medullary cavity of long bone, such as humerus, femur, tibia, ulna, and radius, was often concerned by the surgeon in the clinical procedure of arthroplasty and fixation surgery. During the arthroplasty and internal fixation, the size selection of intramedullary nail and prosthetic stem were influenced by the diameter of the medullary cavity. For irregular bone, such as ilium, scapula, and talus, the diameter of glenoid cavity and acetabulum and the distance between some anatomical landmarks were concerned by the surgeon, because the formulation of surgical plan and prosthetic selection was affected by that. For prosthetic model, the 3-dimensional error should be studied, because the precision of prosthetic location and the selection of prosthetic size were affected by that. In addition, the absolute and relative difference between the SLA 3D printed model and original CT data were studied to compare with the precision of model by other 3D printing technology, and they could show whether the error of model was acceptable or not in clinical application; the result was satisfactory, as described below.

The maximum absolute difference was 0.45 mm, and the mean absolute difference was 0.18 mm (Table [3](#T3){ref-type="table"}); it can be ignored for the CT data whose thickness was 0.9 mm. The maximum relative difference was 1.10%, and the mean relative difference was 0.37%; it was lower than SLS, 3DP, and PolyJet technology reported by Ibrahim et al.^\[[@R12]\]^ The error of 0.45 mm could also be accepted in the orthopedic surgery.

Only the 3-dimensional error of prosthesis group is analyzed, because prosthesis was solid without the influence of the internal support structure. The support structure was necessary in the manufacturing process of 3D printed model, and it would be artificially removed after the finishing of model, but the internal support structure could not be removed. The 3-dimensional error analysis of long bone and irregular bone group was not performed, because the analysis result would be affected by the internal support structure in pulp cavity and cancellous bone. The positive distance, minus distance, and mean distance were 0.237, 0.273, and 0.154 mm, respectively; obviously, the error can be accepted for 3D printing devices with a precision of 0.1 mm. The mean space error of 22 models, 9 were fine, 13 were medium based on ISO 2768-1 (International Organization for Standardization, 1987).^\[[@R17]\]^ For the orthopedic clinical application, the error of 0.273 mm can be ignored.

There was no significant difference in all selected parameters except MH of long bone between the bone and model group; All the ICCs were greater than 0.990; It means that the CT data of bone and model can be considered to be the same. According to the result, the precision of SLA 3D printed model was better than the precision of model printed by polylactic acid (PLA).^\[[@R20]\]^

In this study, MH of long bone, and the maximum absolute difference of 0.45 mm were not expected results; the partial volume effect of CT scan may be the reason, as Fig. [4](#F4){ref-type="fig"} showed that the obvious error appears on the edge; if the measurement was performed on the real model, the value should be more consistent with the original CT data of bone. In addition, the result can be affected by the artificial processing of the model, removal of support structure, and thermal deformation of material and other factors in printing procedure. The anthropic factors can be avoided by improving operation process as far as possible.

On the basis of the above results, the 3D printed model can be safely used in aided diagnosis, preoperative plan, and operation simulation in complex orthopedic disease. 3D printing technology can help doctors to improve the diagnosis and treatment level, and can also make patients have an intuitionistic understanding of their condition; the model can increase the satisfaction of both doctors and patients on diagnosis and treatment process.^\[[@R9]\]^ Compared with conventional imaging methods, 3D printed model was applied in clinic with intuitionistic, clear and exercisable advantage, and the preoperative application of 3D printing technology for aided diagnosis of patients can shorten operation time and reduce surgical trauma.^\[[@R10],[@R13]\]^ This study provides sufficient theoretical support for the reliability and precision of clinical application of 3D printed model. In the future, long-term follow-up of patients who used 3D printing technology was needed; the retrospective study would be performed to observe the long-term effect of 3D printing technology application.

5. Conclusion
=============

The 3-dimensional error and absolute/relative difference of SLA 3D printed model were controlled in the range of satisfaction. The data of the model were highly consistent with the original CT data. The application of model in diagnosis and treatment process of complex orthopedic disease was reliable and precise.

Abbreviations: CT = computed tomography, DA = diameter of the acetabulum, DMC = diameter of the marrow cavity, DPI = distance of pubic tubercle-anterior superior iliac spine, EBM = electron beam melting, FDM = fused deposition modeling, ICC = intraclass correlation coefficient, LGC = length of the glenoid cavity, LOM = laminated object manufacturing, LT = length of the trochlear, MH = max height, ML = max length, MW = max width, SLA = stereolithography appearance, SLM = selective laser melting, SLS = selective laser sintering, WGC = width of the glenoid cavity, WT = width of the trochlear.
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